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Abstract 

Obtaining reliable estimates of aerodynamic roughness is necessary to in-
terpret and accurately predict aeolian sediment transport dynamics. How-
ever, inherent uncertainties in field measurements and models of surface 
aerodynamic properties continue to undermine aeolian research, monitor-
ing, and dust modeling. A new relation between aerodynamic shelter and 
land surface shadow has been established at the wind tunnel scale, ena-
bling the potential for estimates of wind erosion and dust emission to be 
obtained across scales from albedo data. Here, we compare estimates of 
wind friction velocity (u*) derived from traditional methods (wind speed 
profiles) with those derived from the albedo model at two separate scales 
using bare soil patch (via net radiometers) and landscape (via MODIS 500 
m) datasets. Results show that profile-derived estimates of u* are highly 
variable in anisotropic surface roughness due to changes in wind direction 
and fetch. Wind speed profiles poorly estimate soil surface (bed) wind fric-
tion velocities necessary for aeolian sediment transport research and mod-
eling. Albedo-based estimates of u* at both scales have small variability 
because the estimate is integrated over a defined, fixed area and resolves 
the partition of wind momentum between roughness elements and the soil 
surface. We demonstrate that the wind tunnel-based calibration of albedo 
for predicting wind friction velocities at the soil surface (us*) is applicable 
across scales. The albedo-based approach enables consistent and reliable 
drag partition correction across scales for model and field estimates of us* 
necessary for wind erosion and dust emission modeling.  

DISCLAIMER: The contents of this report are not to be used for advertising, publication, or promotional purposes. 
Citation of trade names does not constitute an official endorsement or approval of the use of such commercial products. 
All product names and trademarks cited are the property of their respective owners. The findings of this report are not to 
be construed as an official Department of the Army position unless so designated by other authorized documents. 

DESTROY THIS REPORT WHEN NO LONGER NEEDED. DO NOT RETURN IT TO THE ORIGINATOR. 
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1 Introduction 

Wind erosion and dust emission exhibit large spatiotemporal variability in 
response to land surface‐atmosphere interactions within the planetary 
boundary layer (Bergametti & Gillette, 2010; Sweeney et al., 2011). These 
interactions are controlled by soil properties, atmospheric turbulence, and 
drag partitioning between roughness elements at different scales that af-
fect the aerodynamic roughness length (z0), total wind friction velocity 
(u*), and wind friction velocity at the soil surface or bed (us*) (Raupach et 
al., 1993). Obtaining reliable estimates of z0 and us* is necessary to inter-
pret and accurately predict sediment transport dynamics. However, inher-
ent variability in single point‐based (i.e., wind speed profile) field 
measurements of these aerodynamic properties is not captured in dust 
models and continues to impact the accuracy of areal wind erosion and 
dust emission estimates (Dupont et al., 2018). 

Field measurements of z0 and u*derived from wind speed profiles and 
sonic anemometry are influenced by roughness at different scales respond-
ing to wind speed and direction with respect to upwind surface roughness 
across often undefined heterogeneous fetch (Zobeck et al., 2003). Large 
variability in wind speed profile‐derived z0 has been documented previ-
ously (e.g., Chappell et al., 2010; Gillette et al., 2006; King et al., 2006; 
Nield et al., 2013) and is informative of the influence of surface roughness 
on u* at the measurement location (André & Blondin, 1986; Dupont et al., 
2018). However, variability in z0 and u* detected from a single wind speed 
profile incompletely samples, and therefore inaccurately estimates, the to-
tal variability in the properties across an area of landscape. Measuring 
wind speed profile‐derived z0 at multiple locations within a land cover type 
(or experimental site) would produce different values of z0 and u* due to 
differences in wind momentum reduction and sheltering by heterogeneous 
roughness. Anisotopic aerodynamic roughness influences the magnitude 
of z0 and its variability across land cover types (Gillies et al., 2007; King et 
al., 2006). Inadequately estimating z0 and u* is a major source of uncer-
tainty in dust models dependent on these properties (Raupach & Lu, 
2004). Adequately measuring the spatiotemporal variability of z0 to pa-
rameterize areal dust models would require multiple samples in space 
(Chappell et al., 2003; Sterk & Stein, 1997; Chappell et al., 2003). Typi-
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cally, measurements of z0 made frequently over time from a single meteor-
ological tower are used to represent temporal variability, and effects of 
roughness in different directions. Consequently, individual wind speed 
profiles have limited utility for understanding how u* influences aeolian 
transport at scales other than a single location in space, and particularly in 
parameterizing regional and global dust models (e.g., Marticorena and 
Bergametti, 1995). Current dust models that rely on look-up tables of z0 
derived from field measurements or boundary-layer models inadequately 
represent the often large spatial variability in roughness (Raupach and Lu, 
2004). This is because of the fundamental feedback between roughness 
and wind speed represented by aerodynamic roughness: as wind speed in-
creases the relative influence of the (vertical) roughness is reduced. Large 
spatial variability in surface aerodynamic properties and aeolian sediment 
transport necessitate more sophisticated measurement approaches that 
can support field research and improve the accuracy of areal wind erosion 
and dust emission models (Webb et al., 2019; 2020). 

Further compounding the variability-driven uncertainty in estimating ar-
eal z0 and u*, wind speed profiles do not estimate the momentum partition 
between roughness elements and the soil surface (Raupach, 1992). Esti-
mates of u* from wind speed profiles above a canopy of roughness ele-
ments (vegetation or rocks) represent the total wind friction velocity (u*) 
and not the soil surface (bed) friction velocity (us*) required to understand 
and predict sediment transport. Drag partition schemes have enabled esti-
mates of shear stress partitioning and us* across spatial scales (e.g., plot, 
100 m2, to landscape, 1000 m2 scales, Raupach et al., 1993; Marticorena 
& Bergametti, 1995). However, areal applications of these schemes rely on 
estimates of z0 that include unexplained variability (uncertainty) in field 
measurements, or approximations based on the lateral cover of roughness 
(λ) which underestimate surface sheltering (Chappell & Webb, 2016) and 
inadequately represents spatial heterogeneity in the momentum partition 
(Webb et al., 2014a; Chappell & Webb, 2016). Uncertainties in shear stress 
partitioning propagate through models and contribute to the inaccuracy of 
current dust models (e.g., Shao et al., 2011; LeGrand et al., 2019; Webb et 
al., 2020). Approaches that resolve the spatial distribution of us* have been 
shown to be more accurate than models based on z0 and λ (Okin, 2008; Li 
et al., 2013). However, applications that rely on field measurements of veg-
etation spatial distributions have so far been limited by data availability 
(e.g., Vest et al., 2013; Webb et al., 2014b). The generality of drag partition 
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schemes across spatial scales (e.g., 10 m2 to 105 m2) and scales of rough-
ness (e.g., mm to 10’s of m) remains largely untested. Difficulties with pa-
rameterization and insensitivity to roughness heterogeneity suggest that 
existing schemes do not scale linearly in space (Raupach & Lu, 2004). Re-
ducing both measurement and dust model uncertainties requires methods 
to estimate the areal shear stress partition and us* that are sensitive to 
roughness heterogeneity and are generalizable across spatial extents and 
scales of roughness (Webb et al., 2014a; Chappell and Webb, 2016).  

Satellite remote sensing provides the ability to produce area-weighted or 
integrated estimates of land surface characteristics across pixels (e.g., 500 
x 500 m). Approaches tested to resolve areal z0 and us* include radar 
backscatter coefficients (Greeley et al., 1991; Greeley et al., 1997; Martico-
rena et al., 2004; Marticorena et al., 2006), surface shadowing (Chappell 
& Heritage, 2007; Chappell et al., 2010; Cho et al., 2012), and sensor bidi-
rectional reflectance distribution function (BRDF) parameters (Xing et al., 
2018). Using data from wind tunnel experiments, Chappell and Webb 
(2016) showed that aerodynamic sheltering can be approximated from 
land surface albedo normalized to remove surface spectral effects. Using 
the BRDF, the MODIS albedo data are integrated across viewing angles for 
a single illumination angle (solar noon), producing an areal shadow esti-
mate. Using wind speed at 10 m to approximate the freestream wind speed 
(Uf), this albedo-based approach can predict the partition of u* between 
roughness elements (ur*) and us* integrated over an area defined by the 
sensor (radiometer) field-of-view or satellite sensor (e.g. MODIS) pixel 
size. Although established at the scale of the wind tunnel, the approach is 
similar to all other wind tunnel aerodynamic extrapolations (cf. Raupach 
et al., 1993) and hypothesized to estimate area-integrated u* and us* across 
scales of roughness orders of magnitude (i.e., mm to 10’s of m) larger. 
While these area-integrated estimates of u* and us* are omnidirectional, 
they incorporate directional effects of heterogenous roughness over a de-
fined area (sensor field-of-view) and so could reduce the unexplained vari-
ation (uncertainty) arising from using single point estimates of u* from 
wind speed profiles to understand and model areal sediment transport.  

The purpose of this study was to conduct the first field test of the albedo 
model against independent measurements of u* derived from wind speed 
profiles. Our objectives were to: (1) derive areal estimates of u* and us* at 
different spatial scales using net radiometer and MODIS albedo data; (2) 
compare those areal estimates with estimates of u* derived from wind 
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speed profiles from a single tower across land cover types; and (3) com-
pare independent measurements of u* and surface albedo across land 
cover types with measurements of u* and  us* underpinning the albedo 
model for different configurations of small-scale roughness elements ob-
tained in the wind tunnel experiments of Marshall (1971). These compari-
sons enabled us to identify that the albedo-based model of Chappell and 
Webb (2016) produces direct estimates of u* and us* that are robust across 
scales of roughness. 
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2 Methods 

2.1 Site description 

We measured wind speed profile data from two study sites at the US De-
partment of Agriculture - Agricultural Research Service (USDA-ARS) Jor-
nada Experimental Range (JER) in southern New Mexico (Webb et al., 
2016a) and ten National Wind Erosion Research Network  (NWERN) sites 
(Webb et al., 2016b). The two JER sites included a playa site located on a 
Reagan sandy clay loam soil (Bulloch and Neher, 1980) with moderately-
strong physical crusting (Site 3 in Webb et al., 2016a), and an open shrub-
land site on a Harrisburg sandy loam soil (Bulloch and Neher, 1980) with 
weak physical crusting that is easily abraded under saltation bombard-
ment (Site 4 in Webb et al., 2016a). The playa site is centered on a ~2 ha 
playa with sparse dropseed (Sporobolus R. Br.) and creosote bush (Larrea 
tridentata). The open shrubland site (herein JER Harrisburg site) is domi-
nated by honey mesquite (Prosopis glandulosa Torr.), soaptree yucca 
(Yucca elata), and purple threeawn (Aristida purpurea Nutt.). The ten 
NWERN sites include those at the Jornada (open shrubland), San Luis 
Valley, CO (open shrubland), Heart Rock Ranch, ID (closed shrubland), 
Holloman Air Force Base, NM (grassland), Moab, UT (grassland), Central 
Plains Experimental Range, CO (grassland), Big Spring, TX (conventional 
tillage cropland), Pullman, WA (conventional tillage cropland), El Reno, 
OK (no tillage cropland), and Mandan, ND (no tillage cropland). Detailed 
biophysical characteristics for the network sites are provided in Webb et 
al. (2016b). 

2.2 Instrumentation 

All study sites were equipped with a meteorological tower measuring the 
vertical wind speed profile. The JER playa and Harrisburg open shrubland 
sites were both equipped with a central 5.0 m meteorological tower with 
RM Young 3101 cup anemometers at heights of 0.7 m, 1.4 m and 2.4 m 
above ground level, and one RM Young 3002 anemometer and wind vane 
at 4.8 m height. Temperature sensors (model 107-L) were mounted at 2.0 
m and 4.0 m above ground level. A Sensit (model H14-LIN) saltation mass 
flux sensor, used to measure saltation particle counts and duration, was 
mounted with sensor surface 0.05 m above ground level and approxi-
mately 3.0 m from the meteorological towers. Kipp and Zonen CNR1 four-
component net radiometers were mounted ~6 m west-southwest of the 
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meteorological towers (aligned with the dominant wind direction), posi-
tioned 1.0 m above the ground, giving a measurement area of 314.16 m2. 
The radiometers measured incoming and outgoing solar radiation used to 
estimate albedo, the ratio of the incoming radiation (upper) to outgoing 
radiation (lower pyranometer) measurements, integrated across the range 
305-2800 nm.  

The NWERN sites were equipped with 10 m meteorological towers with 
five RM Young 3101 cup anemometers at heights of 0.5 m, 1.0 m, 1.5 m, 
2.5 m, and 5 m above ground level, one RM Young 3002 anemometer and 
wind vane mounted at 10 m, temperature sensors (model 107-L) mounted 
at 2.0 m and 10 m, and a Rotronic HygroClip2 HC2S3-L air tempera-
ture/relative humidity probe mounted at 4.0 m. Sensit (model H14-LIN) 
saltation mass flux sensors were mounted with sensor surface 0.05 m 
above ground level and approximately 3 m from the meteorological tow-
ers. Meteorological measurements of the vertical wind speed profile, wind 
direction and temperature at all sites were sampled at 1 second and logged 
at a 60 second frequency on Campbell Scientific CR1000 data loggers.   

2.3 Profile estimates of aerodynamic roughness length and wind 
friction velocity 

Wind speed profile data were used to estimate the aerodynamic roughness 
length (z0) for each site following the Prandtl-von Kármán logarithmic ve-
locity profile law: 

𝑢𝑢∗ = 𝑘𝑘𝑈𝑈ℎ
ln �ℎ𝑧𝑧0

�
     (1) 

where Uh is the wind speed (m s-1) at height h (m), u* is the wind friction 
velocity (m s-1) and k is von Kármán’s constant (0.4). In this study we used 
Uh (where h is the height of the highest anemometer) to approximate Uf 

(freestream wind speed). Wind speed data were resampled to 15 minute 
averages and estimates of z0 and u* were obtained following the linear re-
gression approach of Zobeck et al. (2003):   

𝑈𝑈ℎ = 𝑚𝑚 ∙ 𝑙𝑙𝑛𝑛(ℎ) + 𝑐𝑐,     (2) 

where 𝑢𝑢∗ = 𝑚𝑚𝑚𝑚 and  𝑧𝑧0 = 𝑒𝑒−𝑐𝑐/𝑚𝑚. To ensure the wind speed profiles closely 
approximated a  logarithmic profile, we applied criteria to select data with 
wind speeds at all heights (Uh) > 2 ms-1, remove values if the fit of the ver-
tical wind speed data to Eq. 2 as defined by the correlation coefficient  r2 < 
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0.97, and remove values for which differences in temperature ΔT2m-4m > 
0.5° at JER sites and ΔT2m-10m > 0.5° at NWERN sites, indicating atmos-
pheric instability. Any time periods with > 15 seconds saltation (as meas-
ured by a Sensit) were removed to eliminate the influence of saltation-
induced changes to measured z0. A wind direction filter was implemented 
to avoid obstruction effects on the wind velocity profiles; data within ±20° 
and ±10° of the meteorological towers relative to the anemometers were 
removed at the JER and NWERN sites, respectively. The Central Plains 
Experimental Range (CPER) NWERN site data were also filtered within 
±20° due to orientation of the anemometers on that tower relative to other 
sensors. We did not estimate the zero plane displacement height, d, due to 
uncertainties in its estimation over sparse, patchy vegetation that does not 
behave as a single unit (Wiggs et al., 1996). From the remaining data, daily 
mean z0 and u* were calculated from the 15-minute estimates for compari-
son with radiometer and MODIS-derived wind friction velocities. We note 
that these are not complete daily means because they were calculated from 
the filtered data. To remove the effect of wind speed, the u* were normal-
ized by Uh, where Uh approximates Uf, by the wind speed measured from 
the highest anemometer at each site (4.8 m at the JER sites and 10 m at 
the NWERN sites). Limited by the meteorological tower setup at the JER 
sites, the use of 4.8 m to approximate Uh likely underestimates the 
freestream wind speed, Uf. Therefore, the Uh was likely still influenced by 
surface roughness. We also recognize that the differences in anemometer 
heights in the normalization would affect direct comparison across the 
sites, so we did not seek to make direct comparisons among the JER and 
NWERN sites. To investigate the variability of z0 by wind direction, we cal-
culated the standardized z0 anomalies by subtracting the annual mean z0 
from each daily value and then dividing by the standard deviation. 

2.4 Radiometer-derived estimates of wind friction velocity 

We measured net radiation of the bare (unvegetated) soil surface (bed) al-
bedo to estimate u*/Uh and us*/Uh adjacent to the meteorological towers 
following Chappell and Webb (2016):  

𝑢𝑢∗
𝑈𝑈ℎ

= 0.0497 �1 −𝑒𝑒𝑒𝑒𝑒𝑒 −𝜔𝜔𝑛𝑛𝑛𝑛1.326

0.0027
� + 0.038, and (3) 

𝑢𝑢𝑠𝑠∗
𝑈𝑈ℎ

= 0.0311 �𝑒𝑒𝑒𝑒𝑒𝑒 −𝜔𝜔𝑛𝑛𝑛𝑛1.131

0.016
�+ 0.007  (4) 
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where ωns is the rescaled, normalized albedo (Eq. 6; explained below). The 
CNR1 net radiometers have a 180° field of view with a sensitivity that fol-
lows a cosine response, resulting in an unstable albedo signal at large solar 
illumination angles (Kipp & Zonen, 2002). To account for this instability, 
we used albedo measurements collected at the daily minimum solar zenith 
angle (ϴ<36°) (following Michalsky & Hodges, 2013; Weiser et al., 2017). 
The net radiometer measurements were influenced by the solar illumina-
tion zenith angle (ϴ), soil moisture, soil mineralogy, and shadow due to 
roughness which all influence the spectral reflectance of the surface. To re-
move soil spectral reflectance effects on albedo and estimate the propor-
tion of shadow, we followed Chappell et al. (2018) and calculated a 
normalized albedo (ωn) by dividing the complement of the albedo at the 
daily minimum solar zenith angle (ωd.min) by the surface reflectance (R) 
obtained for each site from 30 m Landsat 8 surface reflectance (Vermote 
et al., 2016):  

Figure 1. Illustration of measurement systems for wind speed profiles, CNR1 net 
radiometer and MODIS satellite-based land surface albedo over the Jornada 

Experimental Range (JER) study sites. 

 

𝜔𝜔𝑛𝑛 = 1−𝜔𝜔𝑑𝑑.𝑚𝑚𝑚𝑚𝑚𝑚
𝑅𝑅

.     (5) 
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We then rescaled the normalized albedo (ωn) from the field measurements 
to those of the wind tunnel range a=0.0001 to b=0.1, producing ωns: 

𝜔𝜔𝑛𝑛𝑛𝑛  =  (𝑎𝑎−𝑏𝑏)(𝜔𝜔𝑛𝑛−𝜔𝜔𝑛𝑛.𝑚𝑚𝑚𝑚𝑚𝑚)
(𝜔𝜔𝑛𝑛.𝑚𝑚𝑚𝑚𝑚𝑚−𝜔𝜔𝑛𝑛.𝑚𝑚𝑚𝑚𝑚𝑚)

+ 𝑏𝑏,   (6) 

where the minimum rescaling value of the normalized albedo, 𝜔𝜔𝑛𝑛.𝑚𝑚𝑚𝑚𝑚𝑚 = 0, 
and the maximum rescaling value, 𝜔𝜔𝑛𝑛.𝑚𝑚𝑚𝑚𝑚𝑚 = 1500. Using the albedo at the 
daily minimum solar zenith angle resulted in single daily estimates of 
u*/Uh and us*/Uh. These were filtered to remove days for which saltation 
was occurring (as measured by a Sensit) at the time the daily minimum so-
lar zenith was measured. Data were also filtered to remove any minute in 
which rain or cloud cover was recorded. For the remaining data we as-
sumed that, as roughness did not change (as rainfall and saltation were re-
moved), measurements sufficiently characterized the surface roughness in 
the radiometer field-of-view over the course of a day. We estimated u*/Uh 
and us*/Uh daily for the period 1 April 2018 to 31 September 2018.  

2.5 MODIS-derived estimates of wind friction velocity 

To obtain large area estimates of u*/Uh (Eq. 3) and us*/Uh (Eq. 4) incorpo-
rating surrounding vegetation effects, we calculated daily mean values us-
ing the 500 m MODIS albedo product (Collection 6, MCD43A1) following 
Chappell and Webb (2016). Here, we estimated the surface shadowing 
(sheltering) using the complement of the directional albedo 1-ωdir(𝜃𝜃, v) 
normalized by the MODIS isotropic parameter fiso: 

𝜔𝜔𝑛𝑛.𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 = 1−𝜔𝜔𝑑𝑑𝑑𝑑𝑑𝑑(𝜃𝜃,𝑣𝑣)
𝑓𝑓𝑖𝑖𝑖𝑖𝑖𝑖(𝑣𝑣) = 1−𝜔𝜔𝑑𝑑𝑑𝑑𝑑𝑑(0°)

𝑓𝑓𝑖𝑖𝑖𝑖𝑖𝑖
,  (7) 

where ωdir(𝜃𝜃, v) is a function of solar zenith angle (𝜃𝜃), spectra-dependent 
(v) direct-beam albedo, taken as the ‘black-sky’ albedo for MODIS band 1 
(620-670 nm), and fiso is an isotropic weighting parameter from the 
MODIS BRDF model that represents the spectral contribution of the sur-
face. We extracted daily at- nadir ωdir(0°) for the period 1 April 2018 to 31 
September 2018 for the 500 m pixel within the JER playa, JER Harrisburg 
open shrubland, and ten NWERN sites. We used Equation (6) to rescale 
the ωn.modis values to the range a = 0.0001, b = 0.1, 𝜔𝜔𝑛𝑛.𝑚𝑚𝑚𝑚𝑚𝑚.𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 = 0 and 
𝜔𝜔𝑛𝑛.𝑚𝑚𝑚𝑚𝑚𝑚.𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 = 35, and Eqs. (3) and (4) to estimate u*/Uh and us*/Uh. The 
ωn.max for the radiometer and ωn.max.modis values were unique to the sensors 
due to different spectral ranges over which the albedo was calculated. The 
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data were not filtered for saltation because the MODIS BRDF daily prod-
uct is calculated from data collected over a 16-day period and inverts 
multi-date surface reflectance observations (Schaaf et al., 2002). 

Figure 2. Images of the Jornada Experimental Range (JER) playa and Harrisburg open 
shrubland sites with MODIS 500-m pixels over the field site boundaries (red boxes), 
c lose-up images of the sites and CNR1 net radiometer fields of view within the sites 
(b lue boxes). At the playa site, surrounding vegetated sand ridges and grass patches 

(dark gray) are visible in the overhead imagery. 

 

To compare estimates of u*/Uh derived from the wind speed profiles, radi-
ometers, and MODIS data, we define the following nomenclature: u*pro-

file/Uh (wind speed profile-derived estimates), u*rad/Uh and us*rad/Uh 
(radiometer-derived estimates), and u*modis/Uh and us*modis/Uh (MODIS-
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derived estimates). To quantify the variability for each of the three esti-
mates, we calculated their mean, median, standard deviation of the mean, 
and the coefficient of variance (CV; standard deviation of the mean divided 
by the mean) at each of the JER sites. At the NWERN sites, we calculated 
the mean, median, standard deviation, and CV of u*/Uh and us*/Uh ob-
tained from the MODIS model and u*/Uh from the wind speed profiles. To 
assess the variability in aerodynamic roughness across the land cover 
types, we calculated the annual and seasonal mean, median, variance and 
CV of z0 at each site. We also calculated the standardized z0 anomalies at 
each site. Finally, we plotted the estimates of u*profile/Uh against rescaled 
normalized albedo (ωns) from the NWERN sites with Marshall’s (1971) 
wind tunnel measurements of surface shear stress τ (N m-2), converted to 
u* = �𝜏𝜏/𝜌𝜌𝑎𝑎  where ρa is the air density, across different roughness configu-
rations to test the generality of the Chappell and Webb (2016) model 
across scales of roughness. 

Table 1. Summary of wind speed profile-based, radiometer-based, and MODIS-based 
shear stress statistics (CV = Coeffient of Variance) from the JER Playa and Harrisburg 

s ites. 
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3 Results 

3.1 Wind speed profile, radiometer and MODIS estimates of wind 
friction velocity 

We found large temporal variability in u*profile/Uh for the JER playa and 
Harrisburg open shrubland sites. Normalizing u*profile by Uh removed the 
influence of wind speed variation and revealed the variability in surface 
aerodynamic roughness. As expected, u*profile/Uh at the bare JER playa site 
was smaller than u*profile/Uh at the Harrisburg open shrubland site (Table 
1). The temporal variability of u*profile/Uh at both sites did not concide with 
the timing of seasonal vegetation changes. The large variability in z0 was 
due to wind direction, as shown by standardized z0 anomalies (Figure 3), 
indicating that a different areal extent of heterogeneous roughness was in-
fluencing u*profile/Uh to a greater degree than seasonal changes in rough-
ness (Table 2). 

In contrast, variability in albedo-derived estimates of u*/Uh were much 
smaller than those derived from wind speed profiles (Table 1). Radiome-
ter-derived estimates of us*rad/Uh were similar to u*rad/Uh at both the JER 
playa and Harrisburg open shrubland sites. The small variability in u-
s*rad/Uh and u*rad/Uh represents the defined and fixed area (314.16 m2 
fields-of-view) of the radiometer estimates, that encompassed bare soil 
surfaces at both sites. Large roughness (e.g., vegetation) outside the fields-
of-view had no effect on the estimates of us*rad/Uh or u*rad/Uh, and so pro-
duced no drag partition. The estimates integrated only the effects of spatial 
variability in surface roughness within the fields-of-view of the radiome-
ters.  

Importantly, we found that estimates of u*/Uh and us*/Uh obtained from 
the albedo approach were consistent with those obtained from wind speed 
profiles (Figure 4), indicating that the albedo approach, established at the 
scale of the wind tunnel, can be applied at the field scale. At the JER playa 
site, us*rad/Uh and u*rad/Uh estimates were in the middle of the range of 
u*profile/Uh (Figure 4, top panel). The us*modis/Uh values were closer to u*pro-

file/Uh while u*modis/Uh were larger than the u*profile/Uh estimates at the JER 
playa site (Table 1). At the JER Harrisburg open shrubland site, us*rad/Uh 
and u*rad/Uh were smaller than u*profile/Uh, while MODIS estimates of 
u*modis/Uh were in the middle of the range of u*profile/Uh (Table 1). The 
u*modis/Uh were of similar magnitude at both sites. The results demonstrate 
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that, at the JER playa site, the influence of vegetation on the wind speed 
profile measurements was small and u*profile/Uh was approximated by 
us*/Uh. This is because vegetation was very sparse or absent within ap-
proximately 100 m of the tower and so the u*profile/Uh described the bare 
playa surface. At the JER Harrisburg open shrubland site, both u*modis/Uh 
and u*profile/Uh were influenced by surrounding vegetation and produced 
similar values on average while us*modis/Uh was much smaller due to mo-
mentum partitioning. The u*modis/Uh at the JER playa site described the 
broader 500 m MODIS pixel, including the surrounding vegetation and 
dune ridges. However, these features appear to have had minimal effect on 
the u*profile/Uh measurements as evidenced by the small values and small 
variability in z0 at that site (Table 2).  

Figure 3. Standardized z0 anomalies plotted against wind direction for the JER and 
National Wind Erosion Network (NWERN) sites from April to September 2018. Data 

were filtered to remove obstruction from the meteorological tower (350° to 10° from 
north for the NWERN sites and 340° to 20° from north for the JER sites and the 

CPER site). 
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3.2 Friction velocities across land cover types 

Albedo-derived estimates of u*modis/Uh were consistent with u*profile/Uh (± 
0.003 – 0.023) across diverse land cover types sampled by NWERN sites, 
plotting close to the 1:1 line (Figure 5). However, u*profile/Uh values were 
considerably larger than us*modis/Uh values (ranging from + 0.009 to 
+0.083). Consistent with understanding of momentum partitioning over 
vegetated surfaces, these results show that estimates of z0 and u*/Uh ob-
tained from wind speed profiles described the total site roughness and u* 
but poorly described us* that drives aeolian sediment transport. Estimates 
of us* at the sites would require a drag partition correction to the estimate 
of u*. Across the broad range of land cover types sampled at the NWERN 
sites, z0 showed large variability within and among sites (Table 2). 

Variation in albedo-derived u*modis/Uh and us*modis/Uh (vertical error bars, 
Figure 5) was smaller than for u*profile/Uh (horizontal error bars, Figure 5) 
across the sites. Variability in the albedo-derived estimates was due mainly 
to temporal variations in aerodynamic roughness in response to seasonal 
vegetation growth, senescence, and planting and harvesting at the grass-
land and cropland sites (Table 2, Figure 3). At the cropland sites, there is a 
general increase in the mean and median z0 from spring to autumn. The % 
CV was generally large for all sites, indicating large changes in roughness. 
For example, at the Pullman NWERN site, the large % CV in summer indi-
cates harvest, as the mean z0 decreases from 0.022 to 0.006. The grass-
land sites maintained fairly consistent mean z0 values throughout the year, 
with the exception of the Central Plains Experimental Station (shortgrass 
steppe), which showed an increase in z0 in the summer months. The trend 
was similar for the median z0 values for the grassland sites. The seasonal 
change in mean and median z0 was smallest at the shrubland sites, with 
some sites showing a slight increase from spring to autumn, consistent 
with herbaceous vegetation growth. While we identified patterns in wind 
speed profile-derived z0 within land cover  types, we found no similarly 
consistent pattern among land cover types, suggesting that different com-
binations of vegetation cover and structure (height, spacing) may produce 
overlapping, or different, distributions of u*/Uh. As the variability in 
u*modis/Uh and us*modis/Uh was smaller than in u*profile/Uh across land use 
and land cover types, differences in areal u*/Uh and us*/Uh among sites are 
potentially more detectable when derived from surface albedo than wind 
speed profiles at a single location.  
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Table 2. Summary of aerodynamic roughness lengths (z0) estimated from wind speed 
profiles at the Jornada Experiment Range (JER) and National Wind Erosion Research 

Network (NWERN) sites (CV = coefficient of variance). 
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3.3 Comparison of friction velocities measured in the field and wind 
tunnel 

To provide a second, independent, test of the albedo model, we compared 
MODIS albedo for the NWERN sites and coincident measurements of 
wind speed profile-derived friction velocities with Marshall’s (1971) wind 
tunnel measurements underpinning the albedo model. Using MODIS al-
bedo we retrieved the daily ωns at each of the NWERN sites that character-
ized the roughness elements across scales from the bed roughness, soil 
aggregates and clods, rock fragments, and vegetation (grasses, forbs, 
shrubs and crop varieties). The ωns was then plotted against the inde-
pendently measured wind speed profile-derived u*profile/Uh (Figure 6). We 
plotted Marshall’s (1971) estimates of u*/Uh in a laboratory wind tunnel 
against MODIS ωns and then plotted the models fitted to Marshall’s (1971) 
u*/Uh and us*/Uh data. Consistency in the distribution of Marshall’s (1971) 
measurements, and the distribution of independently measured u*profile/Uh 
and ωns from the field sites, provides confirmation that surface shadowing 
obtained from albedo can predict u* and us* across scales of roughness (i.e., 
from the wind tunnel with small scales of roughness to different land cover 
types in the field with a range of roughness scales). The measured u*pro-

file/Uh data all plot close to u*/Uh indicating that the wind speed profile is 
strongly influenced by surface roughness and that, consistent with theory, 
a drag partition correction is necessary to estimate us*/Uh for calculating 
sediment transport. The remaining discrepancy between the NWERN 
u*profile/Uh and Marshall’s data was expected given the difference in esti-
mation methods (i.e., single location estimates from the wind speed pro-
files and areal estimates from the model). These results suggest that by 
normalizing the u* and us* at a site by Uh, this metric of the surface aerody-
namic roughness, and the momentum partition, can be expressed as a 
function of surface shadowing irrespective of the size of roughness ele-
ments populating the surface. 

The distribution of the u*profile/Uh data between the NWERN sites and their 
error bars is instructive. This variability is inherent in profile-based meas-
urements, consistent with Figure 4, and can be interpreted as changing 
roughness at a given site, e.g., following crop planting and harvesting, in 
addition to its spatial heterogeneity. Sites with more roughness, and thus 
more surface shadowing, fall toward the right of the plot where u*profile/Uh 
is closer to the total shear stress, u*, and momentum partitioning is large 
(Figure 6). Open shrubland and conventional tillage cropland sites with 
large spaces between roughness elements and/or fallow soils, produced 
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less shadow (aerodynamic sheltering) consistent with measured u*profile/Uh 
having large variability between u* and us*. In these situations, u*profile/Uh 
represented u*/Uh or us*/Uh over bare soil patches depending on wind di-
rection and time of year, so its variability was large and spanned the al-
bedo model response following Marshall’s (1971) measurements. 

Figure 4. At the Jornada Experimental Range playa site (top panel) and Harrisbur 
open shrubland site (bottom panel), u*/Uh estimated using the traditional approach 
of the wind speed profile (blue line), u*/Uh estimated using the new albedo-based 

approach from radiometer data (black line), us*/Uh estimated using the albedo-
based approach from radiometer data (purple line), u*/Uh estimated using the 

albedo-based approach from MODIS data (orange line), and us*/ Uh estimated using 
the albedo-based approach from MODIS data (gray line). Not that u*rad/Uh and 
us*rad/Uh are consistent (overlap) for both the playa and open shrubland sites. 
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Figure 5. MODIS albedo-based u*/Uh and us*/Uh plotted against wind speed profile-
based u*/Uh for the JER sites and the National Wind Erosion Network sites April 

through September 2018. Uncertainty (standard deviation) in MODIS estimates is 
shown in the vertical error bars. Uncertainty (standard deviation) in wind speed 

profile-based estimates is shown in the horizontal error bars. The 1:1 line shows the 
relation between MODIS albedo-based and wind speed profile-based estimates, 

revealing that the latter most closely estimates the u*/Uh at the sites. 
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Figure 6. Profile-based u*/Uh plotted against normalized shadow, ωns for the 
National Wind Erosion Network sites April through September 2018. Uncertainty 

(s tandard deviation) in profile estimates of u*/Uh is shown in the vertical error bars. 
Uncertainty (standard deviation) in ωns is shown in the horizontal error bars. The 

u*/Uh (solid line) and us*/Uh (dashed line) represent an idealized curve of the 
equations from the albedo model. The data Chappell and Webb (2016) used to 

calibrate the albedo model, from Marshall (1971) is also plotted. With a drag partition 
applied, Marshall's shear stress data shows a strong relationship between measured 

shear stresses (scaled by Uh) and ωns and trends with the albedo model. 
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4 Discussion 

Using measurements of wind speed and land surface albedo, we per-
formed the first field test of an albedo approach to estimating areal u*/Uh 
and us*/Uh using two independent datasets: 1) estimates of wind friction 
velocity from field sites at the Jornada Experimental Range and across di-
verse land cover types sampled by the National Wind Erosion Research 
Network (Figures 4 and 5); and 2) MODIS land surface albedo and wind 
speed profile-derived u*/Uh at NWERN sites compared with Marshall’s 
(1971) wind tunnel measurements underpinning the albedo model (Figure 
6). We showed that field and satellite measurements of surface albedo can 
be used to obtain values of u*/Uh and us*/Uh across roughness scales that 
are consistent with those produced in the wind tunnel.  

We quantified the variability in surface aerodynamic roughness (z0) across 
land cover types and evaluated how surface albedo can be used to estimate 
the areal partition of wind momentum and surface wind friction velocities. 
Our results showed large variability in estimates of surface z0 and u*profile 
within and among different land cover types. This variability was due to 
heterogeneity in the distribution of roughness elements relative to wind 
direction (Figure 3). Additional sources of z0, and u* variability may be in-
troduced during data analysis because the law-of-the-wall is only valid un-
der certain conditions: 1) winds are unidirectional within a stable 
boundary layer, 2) wind speed is averaged over a sufficiently long time pe-
riod to capture variability in turbulence, and 3) roughness height, z0, is 
calculated during non-saltation periods so that saltation does not influence 
roughness height (Martin and Kok, 2018). Bauer et al. (1992) identified 
measurement errors due to inaccuracy and imprecision of equipment and 
post-processing statistical errors during regression to contribute further to 
variability. Together, these sources of variability produce uncertainty in z0 
estimates for land cover types that may be propagated through models. 
The albedo approach enables direct areal estimates that reduce the uncer-
tainty in u*/Uh and us*/Uh in support of spatial wind erosion and dust 
emission modeling. A recognized caveat of the albedo approach is that it 
does not represent effects of roughness on u* and us* in particular wind di-
rections. Resolving directional roughness effects over land surface areas 
remains a long-standing challenge for the wind erosion and dust modeling 
community.  
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We found that, consistent with theory (e.g., Raupach, 1992), u*profile/Uh 
over aerodynamically rough land surfaces describes the total wind friction 
velocity (u*) and requires correcting using a drag partition to estimate us* 
that drives aeolian sediment transport. The large spatial and temporal var-
iability in z0 and u*profile/Uh, and need to apply a drag partition, limit the 
utility of the variables for understanding and modeling areal aeolian 
transport over aerodynamically rough surfaces. While u*profile/Uh describes 
the wind response to roughness from different directions, the model of 
Chappell and Webb (2016) enables areal estimates of us*/Uh directly using 
land surface albedo, without the need for a separate drag partition because 
it is inherent in the original calibration (Figure 5). These estimates inte-
grate roughness heterogeneity across sensor fields-of-view and viewing an-
gles, thereby enabling areal estimates that can be used to improve model 
parameterization. We found the albedo model estimates of u*/Uh and 
us*/Uh were consistent with field measurements across land cover types 
(Figure 4) and that independently measured albedo and u*/Uh were con-
sistent with wind tunnel measurements of the drag partition. 

The spatial distribution of wind shear stress over the land surface, and its 
partitioning between roughness elements and the bed, is typically highly 
variable (King et al., 2006; Gillies et al., 2007; Brown et al., 2008; Webb et 
al., 2014a). Heterogeneity in surface roughness and changing wind direc-
tion mean that, for aerodynamically smooth sites (e.g., the JER playa site), 
u*profile/Uh represents us*/Uh. However, for aerodynamically rough loca-
tions, u*profile/Uh predominantly represents u*/Uh. Our results show that 
estimating area-integrated u*/Uh and us*/Uh directly from surface shadow-
ing obtained from albedo (i.e., Eqs. 3 and 4) provides an alternative ap-
proach to obtaining the aerodynamic properties for a land surface area. 
Because albedo is measured over an area, derived estimates of surface 
shadowing (Chappell & Webb, 2016) inherently integrate the effects of 
roughness heterogeneity within sensor fields-of-view, e.g., field radiometer 
to satellite sensor. When measured over relatively smooth bare soil sur-
faces using a net radiometer, we found that albedo-derived u*/Uh and 
us*/Uh were approximately the same, consistent with the absence of mo-
mentum partitioning. This is also because the anisotropic influence of aer-
odynamic roughness is removed in the albedo-based estimates. When 
measured over aerodynamically rough land surfaces by MODIS, we found 
that albedo-derived u*/Uh and us*/Uh were different due to momentum 
partitioning and u*modis/Uh was consistent with the mean values of u*pro-
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file/Uh that were more variable due to the influence of roughness heteroge-
neity and wind direction. These results demonstrate the need for and ben-
efit of using albedo to estimate total and soil surface wind friction 
velocities. In contrast, u*profile/Uh measured at single tower locations re-
quire drag partitioning corrections but those available are inherently unre-
liable particularly over large areas and across scales or invoke crude 
approximations which make aeolian sediment transport models highly un-
certain.  

Importantly, we found single-point estimates of u*profile/Uh across diverse 
land cover types were consistent with the magnitude of u* measured by 
Marshall (1971) for their respective surface shadowing obtained inde-
pendently from albedo (Figure 6). This consistency demonstrates that the 
albedo model is partitioning momentum correctly across different scales of 
roughness (e.g., from vertical scales of mm in the wind tunnel to 10’s of m 
within landscapes). We found proportional surface shadowing (sheltering) 
produced by open shrubland sites could be similar to some grassland and 
cropland sites depending on their roughness structures. The implication of 
this finding is that surface albedo may be used to directly estimate u*/Uh 

and us*/Uh over the entire range of surface roughness occurring in natural 
environments or from laboratory to field. 

Finally, comparing u*profile/Uh with Marshall’s (1971) u*/Uh wind tunnel 
data revealed that there are unexplained second-order differences between 
the wind tunnel data and the field data. Some of the field estimates of 
u*/Uh fall in line with the model, while others do not (e.g., two of the 
cropland sites and the closed shrubland site). The differences between 
u*profile/Uh and Marshall’s data could be explained by a) the wind speed 
profile measurements from a single location at each site did not provide a 
robust sample of u*profile/Uh over an area and were influenced by wind di-
rection, b) the field sites had multiple scales of roughness (vegetation, 
rocks, and soil) that were not included in Marshall’s wind tunnel measure-
ments, and/or c) Marshall’s data and therefore the albedo model do not 
capture the full range of drag partition responses produced in the field. 
The first is probable, since estimation of u*profile/Uh from a single sample 
location is unlikely to represent variability across an entire site due to 
changes in wind direction over heterogeneous roughness. This would im-
ply that there is even larger variability in u*profile/Uh than we have meas-
ured and that a larger sample size would be required to adequately 
characterize z0 and u* for a given area of each respective land cover type. It 
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is also possible that different roughness conditions in the field can produce 
different drag partition responses that were not described by Marshall’s 
data and therefore in the albedo model. This raises the hypothesis that ob-
served differences between wind speed profile-derived u*/Uh from a single 
point in a landscape to areal estimates of u*/Uh produced by the albedo 
model would be expected given that the area described by each approach is 
different. These results suggest the importance of further validating the 
Chappell and Webb (2016) model against areal measurements of shear 
stress in the field, including environments with different roughness ele-
ment sizes, configurations and densities. Such measurements could follow 
approaches established by Gillies et al. (2006), King et al. (2006) and Gil-
lies et al. (2007) to sample the spatial distribution of surface shear stress 
for comparison with in situ (e.g., tower-mounted net radiometer) and sat-
ellite (e.g., MODIS) retrievals of surface albedo and shadowing. Relating 
the spatial distribution of surface shear stress and albedo to aeolian sedi-
ment transport rates could test the predictive capability of the Chappell 
and Webb (2016) model to include effects on sediment transport and dust 
emission and address existing large uncertainties arising from model as-
sumptions of spatially and temporally constant aerodynamic roughness 
across land cover types. 

The results of this study provide evidence that the albedo approach can be 
used to obtain areal estimates of u* and us* that are consistent with field 
and wind tunnel measurements. This study confirms that single-point esti-
mates of u*/Uh from wind speed profiles provide information on the sensi-
tivity of u* to roughness heterogeneity from an undefined area in a given 
wind direction and provide information needed to understand the pro-
cesses governing sediment transport at a single point in a landscape. This 
approach cannot, however, directly estimate wind friction velocity at the 
soil surface, us*, which is critical for understanding and predicting aeolian 
sediment transport over an area. Additionally, the traditional approach is 
limited for understanding large areas (e.g., > 1 ha) because the estimates of 
u* represent a changing and unknown upwind fetch. In contrast, the al-
bedo approach produces estimates of u*/Uh and us*/Uh over an area that is 
flexible depending on sensor field-of-view (e.g., field radiometer to satel-
lite). The approach enables integration of heterogeneous roughness effects 
over space, reducing the variability inherent in profile-derived estimates of 
u*. Further quantitative evidence is required to assess the sensitivity of the 
albedo model to different configurations and heterogeneous scales of 
roughness across land cover types. 
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5 Conclusions 

Existing dust emission and wind erosion models use estimates of z0 either 
from field measurements which are not representative of an area, or select 
values from look-up tables that are generalized and often static across land 
cover types. This approach is flawed by the inherent feedback of z0: as 
wind speed increases the influence of (vertical) roughness decreases. Field 
measurements of z0 and u* at single locations are highly variable, influ-
enced by an unspecified roughness area and wind direction, and require a 
drag partition correction to obtain us*. Consequently, crude estimates of 
us* produce large uncertainty and inaccurate estimates of aeolian sediment 
transport over land surface areas. In this study, we examined measure-
ments of wind speed and land surface albedo from a wide range of land 
cover types. Applying the Prandtl-von Kármán logarithmic velocity profile 
law (Eq. 1) to wind speed profiles produced large variability in estimates of 
z0 and u* in response to anisotropic heterogeneity in roughness due to 
changing wind direction and fetch. Using shadow (the complement of al-
bedo), we derived areal estimates of u*/Uh and us*/Uh which integrated the 
effects of roughness over an area and were therefore less variable than the 
wind speed profiles. Consistent with theory, we found that wind speed 
profiles provide accurate but imprecise estimates of us* over smooth sur-
faces (e.g. the JER playa site) but provide inaccurate and imprecise esti-
mates of u* over aerodynamically rough surfaces. We tested the ability of 
the albedo model to cut across scales by comparing independent measure-
ments of surface albedo obtained in the field and u*/Uh with the wind tun-
nel measurements of Marshall (1971). Our results reveal the applicability 
of the albedo model at the field scale and suggest that it can be applied 
across scales of roughness. Further field experiments will evaluate the al-
bedo model against spatial measurements of surface shear stress across 
different scales of heterogeneous roughness. 
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